Analysis of circulating cell-free DNA (cfDNA) derived from peripheral blood ("liquid biopsy") is an attractive alternative to identify non-small cell lung cancer (NSCLC) patients with the EGFR T790M mutation eligible for 3rd generation tyrosine kinase inhibitor therapy.
INTRODUCTION
The detection of activating epidermal growth factor receptor (EGFR) mutations in a subset of non-small cell lung cancer (NSCLC) patients and the development of corresponding tyrosine kinase inhibitors (TKI) has led to an important expansion of the therapeutic options and to a significant improvement of the clinical outcome of these patients [1, 2] . However, despite an initial and usually dramatic treatment response to TKI therapy patients inevitably acquire resistance to TKI treatment [3] [4] [5] . Several mechanisms for the development of acquired resistance have been reported of which the most frequent one is a secondary EGFR mutation at amino acid position 790 (T790M) [6, 7] . To overcome T790M mediated resistance, third generation TKI (e.g. osimertinib) have been developed that irreversibly bind to the mutated EGF receptor providing a further therapeutic option after treatment with TKI targeting activating EGFR mutations [8] [9] [10] . In order to identify patients eligible for treatment
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with third generation TKI, an early detection of the T790M resistance mutation is mandatory. Currently, tumor tissue is usually employed for the identification of activating as well as T790M resistance EGFR mutations. The analysis of tissue samples is considered as gold standard since it provides combined information about tumor histology, tumor content and genomic alterations. Nevertheless, the use of tissue and biopsies in particular also has several shortcomings. They represent only a snapshot of the entire tumor and thus cannot capture its entire genomic heterogeneity. Furthermore, in the metastatic situation different (actionable) molecular alterations can develop at different sites, which will not be depicted by a single tissue sample usually taken from the best accessible location. In addition, thoracic biopsies show considerable high rates of clinical complications and can be technically challenging or even impossible or clinically not feasible [11, 12] .
In contrast, liquid biopsies (LB) can be obtained by minimal invasive blood draws and are therefore accessible at almost all clinical situations. They have been shown to contain tumor genomic information in which circulating cell-free tumor DNA (ctDNA) appears to be the most stable and most easily accessible source [13, 14] . Therefore, the use of LB allows the characterization of somatic mutations at baseline and dynamically during treatment, enabling the early detection of resistance mutations as well as monitoring of therapy response and minimal residual disease [11, 15] . For these reasons the analysis of LB has become a promising tool to verify the T790M mutation in NSCLC patients, which developed a resistance to TKI therapy against activating EGFR mutations [16, 17] . Nevertheless, the analysis of LB is also challenging due to the mainly low amounts of circulating cell-free DNA (cfDNA) and the very low representation of mutated cfDNA molecules extractable from the blood plasma. Therefore, methods which are able to detect small number of mutated molecules in an abundance of unmutated DNA fragments with high sensitivity and specificity are required [18, 19] . Currently quantitative PCR, amplification refractory mutation system (ARMS), digital PCR, beads, emulsion, amplification, and magnetics (BEAMing) and next generation sequencing (NGS) are widely-used [15] . While these methods enable a sensitive detection down to 0.01%, only NGS facilitates the parallel detection of a broader range of mutations by multi-gene or multi-target gene panels. To overcome the drawbacks of PCR-based NGS (e.g. DNA polymerase errors, generation of PCR duplicates as a result of sequencing the same molecule multiple times, etc.), the addition of unique molecular identifiers (UMI), random nucleotide sequences barcoding each DNA-fragment prior to PCR amplification, was introduced [20] . The UMI allow to distinguish reads amplified from the same original DNA molecule based on identical UMI and to identify molecules containing true variants. To compare PCR-based gene-panels with and without UMI for the detection of T790M mutations in LB, we tested two commercially available NGS panels. Synthetic reference plasma samples as well as diagnostic samples from routine setting were included in our study.
RESULTS

Results from reference samples
Extraction from synthetic plasma yielded about 400 ng total cfDNA (mean: 432 ng, range: 364 ng-480 ng), which is in accordance with the specification of the vendor. CLv2 panel sequencing resulted in mean 21,133 average reads per amplicon (range 17,514-24,438) (Supplementary Table 3 ). For the OLcfDNA assay the median read coverage (median coverage across the targets) for 0.1% limit of detection (LoD) is specified as > 25,000 with a median molecular coverage (median number of individual interrogated DNA molecules across the targets) of > 2,500. These specifications were achieved for each sample except one 1% allele frequency reference, which showed slightly less median molecular coverage.
The lowest detectable allele frequency for all eight tested mutations was 5% for CLv2 and 1% for OLcfDNA assay (Table 1 ). In respect to mutation type, LoD for point mutation confirmation was 1% for both assays. At 0.1% allele frequency 92% of point mutations were still detectable with OLcfDNA, in contrast to 67% with CLv2 assay. For insertions/deletions (indels), 0.1% allele frequency variants were not detectable with CLv2 but in 75% of samples with the OLcfDNA assay. EGFR T790M resistance mutation was detectable to 0.1% allele frequency with both assays.
Considering all tested reference dilutions (5%, 1%, 0.1% and wildtype) CLv2 panel showed 100% specificity for indel detection and 92.3% for point mutation analysis ( Table 2 ). Sensitivity of point mutation detection was significantly higher than for indel detection (88.9% vs. 58.3%). Deviations to expected mutation status were higher for indel detection than for point mutations (68.8% vs 89.9% accuracy). The OLcfDNA assay reached 96.9% accuracy, 100% specificity and > 95% sensitivity, whereas sensitivity of indel detection was slightly lower than for point mutation analysis (91.7% vs. 97.2%). Sensitivity for 0.1% allele frequency mutation detection was 87.5%, with indel detection showing again a decreased sensitivity compared to point mutation analysis (91.7% vs 75.0%) ( Table 3) .
Correlation of expected reference allele frequencies and those derived from the CLv2 panel was 92% for point mutations and 97% specifically for T790M resistance mutation (Figures 1 and 2 ). Allele frequencies for indels showed a lower correlation of 49%. For the OLcfDNA panel, the correlation with the expected allele frequencies was 99% for point mutations and 100% for T790M resistance mutation, specifically. Correlation for indel detection was also lower, showing 88% accordance. www.oncotarget.com
Results from diagnostic samples
Primary EGFR mutations derived from the analysis of corresponding tumor tissue of the analyzed 26 LB from 21 patient samples were composed of 15 point mutations (11 patients), 10 indels (9 patients) and one unknown status (Supplementary Table 2 ).
Median cfDNA concentration extracted from the 26 plasma samples was 8.88 ng/ml (range: 1.1 ng/ ml-200 ng/ml plasma). The cfDNA input used for the panel amplification differed as optimal amount was not available for all samples ( Figure 3 ). Five out of 26 (19%) plasma samples yielded enough cfDNA to comply to the recommended input requirements for NGS with CLv2 assay and 6/26 (23%) had sufficient cfDNA amounts for analysis with OLcfDNA approach for 0.1% LoD. The library concentrations ranged from 36pM to 8,151pM for CLv2 assay and from 22pM to 238pM for OLcfDNA assay. One sample failed library generation with the OLcfDNA panel and was thus not sequenced. For none of both assays a correlation of input amount and generated library concentration was detected.
Average reads per amplicon for CLv2 panel sequencing ranged from 1 to 27,605 (median: 5,621). OLcfDNA assay sequencing reached in 10/26 (39%) samples a median read coverage > 25,000 with 3 cases (12%) showing additionally a molecular coverage of > 2,500, required for 0.1% LoD.
The assays showed concordant results in 12/15 cases with primary point mutations seven of which being primary mutation positive, four being wildtype and one being concordantly not analyzable ( Figure 4A ). For one sample (P10) the EGFR G863S primary point mutation was detected with 2% allele frequency and 21 reads with the CLv2 panel but was wildtype with the OLcfDNA assay. Another discordancy in sample P16 refers to a EGFR G719A primary mutation with 0.2% allele frequency and 53,214× median read coverage when being analyzed with the OLcfDNA assay and was wildtype with CLv2 panel. Analysis of primary indels led to 90% concordance between both assays ( Figure 4B ). Four out of the nine concordant cases were EGFR wildtype. The one discordant sample (P18) was mutation positive with CLv2 (46% allele frequency, 12,202 reads) and negative with OLcfDNA assay.
In six patients the EGFR T790M resistance mutation was detected with allele frequencies from 0.1% to 27% with both assays ( Figure 4C ). One sample (P12-
DISCUSSION
With the European Medicines Agency (EMA) approval of a third generation TKI for advanced NSCLC patients, the request for EGFR T790M resistance mutation detection for stratification of lung cancer patients eligible for treatment increased significantly. Due to the advanced tumor stage of the respective NSCLC patients, the acquisition of tissue specimens may be difficult and the minimal-invasive analysis of LB is becoming increasingly attractive as an alternative approach to stratify patients according to their mutational profile. The use of cfDNA extracted from plasma of peripheral blood is currently All other 1% reference mutations were detected with both assays. 0.1% EGFR insertion, EGFR deletion and EGFR L858R point mutation references were not detected and PIK3CA as well as NRAS reference mutation showed a drop out for one of the duplicate samples with CLv2 assay. All 0.1% reference mutations, except one of the duplicate samples for EGFR insertion and EGFR L858R point mutation, were detected. AF: allele frequency; ND: Not Detected. * samples being wildtype or not analyzable by sequencing. www.oncotarget.com the main source for this application [17, 21] . However, only a very small proportion of the cfDNA accounts for ctDNA reflecting the mutational profile of the tumor [22] . For that reason, methods allowing a very sensitive analysis are indispensable. Amplicon-based NGS methods enable a very sensitive mutation detection in addition to the analysis of a broad range of target genes. In our study, we evaluated two commercially available PCRbased NGS library preparation approaches, one including UMI, focusing on high sensitive EGFR T790M mutation detection in synthetic and diagnostic LB samples. Using a cfDNA spike-in dilution series from synthetic plasma we determined and compared the LoD, accuracy, specificity and sensitivity of both assays. Furthermore, we analyzed and compared the results of 26 diagnostic NSCLC blood samples subjected to sequencing with both assays. Although the two targeted panels were able to identify EGFR primary and T790M acquired resistance mutations, careful consideration of all tested reference dilutions and mutations demonstrates that the assay using UMI performed better in terms of LoD, accuracy, sensitivity and specificity -despite the fact that T790M mutation detection was feasible with both assays down to 0.1% LoD. In general, the detection of point mutations showed a better performance compared to indel identification, which is known to be challenging [23] . Beside the higher sensitivity of the UMI assay, the deviation in indel detection between both assays might be induced by different bioinformatics algorithms.
Our results of cfDNA isolation confirm recently published data concerning low DNA amounts extracted from plasma [24] . Although most of the diagnostic samples did not reach the recommended input amount only a few of these samples were either wildtype or not analyzable. In these samples the amount of ctDNA was probably too low to allow a sensitive detection of the T790M resistance or primary mutation. Interestingly, this was also the case in some LB samples with sufficient cfDNA input. These relations might be explained with a common theoretical example [25] . Calculating with 6.6pg DNA per cell, the input of 10 ng DNA corresponds to approximately 3,000 genomic copies. Using a sample with 100% tumor content, like our reference samples, 0.1% allele frequency mutation would mean to search for 3 mutated copies in 2,997 wildtype sequences. Thus, searching a 0.1% allele frequency mutation in 1% tumor content would mean to look for theoretically 0.03 copies. This is a remarkable low number and the in silico calculations don`t even consider the lower input amount, lower tumor content and the validated assay sensitivity < 100% in practice. Furthermore, the use of copies as cell equivalent seems to overestimate the calculated genomic copies. The cfDNA in the plasma is generated by apoptotic or necrotic processes and therefore the cell equivalent of the mutated gene copy is probably already degraded. These factors make input recommendations gratuitous and unpredictable. It explains why the EGFR mutation status seemed not to be linked to the recommended input amounts. It also explains the higher sensitivity of the OLcfDNA assay, which might be not only the use of UMI but the input of more DNA copies due to a higher input volume.
These data clearly illustrate that the main problem of LB analysis is the unavailability regarding the amount of the tumor DNA in the plasma samples. Dealing with an unknown amount of tumor-derived cfDNA makes diagnostic LB samples a black box and a validated or predetermined cut-off for LoD can therefore only be a vague reference. Only the implementation of tests allowing the exact determination of the tumor DNA content can make cut-off recommendations applicable. Until then, the absence of EGFR mutations in LB might not necessarily indicate that the tumor is indeed negative for these mutations and the complementary testing of a tissue biopsy is recommended [26] . Furthermore, there are additional factors that cannot be influenced and increase the complexity of LB analysis. The shedding of tumorderived DNA into the blood stream is affected by several patient characteristics such as tumor size and stage, metastasis, inflammation, therapy status, fitness, and comorbidities [14, 22, 27, 28] . Additionally, pre-analytical factors such as blood tubes and cfDNA extraction methods play an important role for subsequent LB analysis. Finally, technical sensitivity cannot be expanded unlimited. Most DNA polymerases have an error rate of approximately 10 -5 per basepair per cycle preventing reliable mutation detection below this threshold [29] . Currently, the parallel detection of (known) primary activating EGFR mutations and/or other tumor-specific mutations are helpful to ensure the presence of tumor-derived cfDNA in diagnostic LB samples. In our study, seven out of 21 diagnostic samples were T790M resistance positive and additionally showed the corresponding primary mutation. Nonetheless, some samples were only positive for primary mutation, indicating the presence of ctDNA and the real absence of the T790M mutation. It can be considered that these tumors follow a different resistance mechanism like MET amplification, constitutive IGF-1 activation or mutations in HER2, which cannot be detected with the employed assays [30] .
We were able to detect EGFR T790M concordantly with both assays in 6/7 patients with one having the T790M resistance mutation at a very low allele frequency (0.1%). Another patient was exclusively T790M positive (1.4% allele frequency) with the more sensitive OLcfDNA assay. These results indicate that very high sensitivity is indeed needed for T790M mutation detection and that UMI-based gene panels have a better performance in some cases. This is important since even patients with a very low frequent T790M resistance mutation (< 10 copies/ml plasma) can benefit from treatment with of third generation TKIs [31] .
In summary, a deep understanding of the entire LB workflow and highly standardized protocols are needed for the detection of EGFR T790M mutation and to ensure reliable and reproducible results for the benefit of a correct patient stratification. Targeted NGS approaches using UMI are able to improve sensitivity and specificity but further steps like determination of tumor DNA amount and panels allowing the detection of other resistance mechanism than T790M are needed to make LB an even more valuable tool for personalized medicine.
MATERIALS AND METHODS
Determination of assay performance using synthetic reference samples DNA was isolated from synthetic plasma samples (Multiplex I cfDNA Reference Standard Set in synthetic plasma, Horizon Discovery, Waterbeach, UK) containing eight somatic hotspot mutations, including EGFR activating mutations and the T790M resistance mutation at different allelic frequencies (Supplementary Table 1) . To this end, semi-automated magnetic bead-based extraction for large plasma volume was performed according to manufacturer's instruction (Maxwell RSC ccfDNA Plasma Kit, Custom, AX1114, Software version V1.0.1, Promega, Madison, WI, USA). cfDNA concentration was measured with a fluorescence assay (Quantus and QuantiFluor ONE dsDNA System, Promega). Subsequently, cfDNA from each sample was subjected to library preparation using Ion AmpliSeq Colon and Lung Cancer Research Panel v2 (CLv2, Thermo Fisher Scientific, Waltham, MA, USA) and Oncomine Lung cfDNA Assay (OLcfDNA, Thermo Fisher Scientific). For both panels the optimal amount of cfDNA input was used (CLv2: 10 ng in 6 µl, OLcfDNA: 20 ng in 13 µl).
CLv2 panel target amplification was performed by multiplex PCR using primer pairs for 92 amplicons covering hotspots of 22 genes.
The OLcfDNA assay consisted of 35 amplicons covering 169 mutation hotspots of 11 genes and enabled molecular tagging of each individual DNA input molecule using UMI. Sample processing for both panels was done according to the manufacturer's instructions (Ion AmpliSeq DNA and RNA Library Preparation, MAN0006735, Revision B.0 and Oncomine cfDNA Assays Part I: Library Preparation, MAN0014688, Revision E.0), using Ion Library TaqMan Quantitation Kit (Thermo Fisher Scientific) for library quantification and an Ion Chef system for template preparation. Finally, 30pM library pool containing eight samples per Ion 530 chip was sequenced on the Ion S5XL System (Thermo Fisher Scientific).
Assay performance was determined considering sensitivity, specificity, accuracy and LoD. To this end, CLv2 data (fastq files) were mapped to defined target regions and subjected to variant calling using Sequence Pilot software, version 4.3.1 build 502, module SeqNext (JSI Medical Systems, Ettenheim, Germany). Allele frequency cut-off for mutation detection, which is set to 5% for tissue sample analysis, was abrogated in this study in order to call the 1% and 0.1% allele frequencies of the reference samples. Therefore, data were filtered only according read quality score discarding reads with a quality score < 10 and amplicons having 40% of reads with a quality score < 10. OLcfDNA assay data (fastq files) analysis was performed employing Torrent Browser, Tagged Molecule Caller v.0.3.3. The application of UMI enables the provided variant caller cfDNA plug-in to group reads into molecular families. Random errors generated during the library construction and sequencing process are removed automatically. The Ion Reporter analysis uses at least three independent molecular families to identify and call a variant. To achieve 0.1% LoD (1 mutant copy in a background of 1,000 WT copies), 20 ng input DNA, > 25.000× median read coverage with > 2.500× median molecular coverage are recommended (https://www.thermofisher.com/order/ catalog/product/A31149).
Comparing assay performance using diagnostic samples
cfDNA from 26 liquid biopsy samples from 21 NSCLC patients (Supplementary Table 2 ) was extracted from BD Vacutainer EDTA Tubes (Becton Dickinson, Franklin Lakes, NJ, USA), PAXgene Blood ccfDNA Tubes (PreAnalytiX, Hombrechtikon, Switzerland) and Cell-Free RNA BCT Tubes (Streck, La Vista, NE, USA). For plasma preparation, whole-blood samples were centrifuged at 2,000× g for 10 minutes at 4°C. Plasma was transferred to 2 ml low-bind tubes and centrifuged at 17,949× g for 10 minutes at room temperature. Further, cfDNA isolation was done according to the same protocol used for the reference samples. If the cfDNA concentration was too low for the recommended assay input, the maximum input volume was used for library preparation. Mutation status was determined with both panels by sequencing employing an Ion S5XL sequencer (Thermo Fisher Scientific) as described above. Sequencing results were compared to mutation status from corresponding tissue collected either during in-house routine molecular diagnostics processing (Ion S5XL sequencing using CLv2 panel as described above) or by specification from external requestors. LB sequencing results determined with both panels were compared to each other according to the assay parameters ascertained with the reference standard.
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